INTRODUCTION
============

Marginal fit is an important characteristic that can contribute to the clinical performance of a fixed restoration. Inaccurate margins allow plaque accumulation or marginal leakage, which can lead to periodontal disease, bone loss, or secondary dental caries.[@B1],[@B2] The introduction of high-strength oxide ceramic has resulted in the widespread use of all-ceramic restorations in dentistry. However, marginal fit remains critical to ensure long-term success of metal-free fixed prosthodontic restorations.

When computer-aided design/computer-aided manufacturing (CAD/CAM) technology is used to make all-ceramic restorations, the fit can be set for each abutment tooth with software that customizes the marginal gap for the clinical situation. The ability of CAD/CAM technology to implement the predetermined fit depends on the accuracy of the entire system including the scanning device, milling material, and milling unit. It also relies on exact dimensional prediction to compensate for sintering shrinkage. The CAD/CAM technique is an economical and reproducible method which has been demonstrated to improve marginal fit.[@B3]-[@B5]

The clinically acceptable limit for marginal gaps has been reported to range from 100 to 120 µm.[@B6],[@B7] Several studies have demonstrated that high precision can be achieved with CAD/CAM-generated zirconia restorations.[@B8]-[@B11] Nevertheless, in a previous clinical long-term study, many zirconia restorations exhibited defective margins, often due to inadequate marginal integrity.[@B12] Such poor margins were reported to indicate a higher failure rate of restorations.[@B12],[@B13] Although the accuracy of fit has a considerable effect on the clinical success of the restorations, only a few studies related with this aspect of zirconium oxide ceramics generated with CAD/CAM have been published.[@B8]-[@B11] In addition, the effects of CAD/CAM systems and materials on the size of the marginal discrepancy have not been thoroughly investigated.

The lost wax technique for the cast metal framework of metal-ceramic restoration is well established and, when properly used, leads to clinically acceptable fit on the abutment teeth. Therefore, the marginal accuracy of metalceramic restorations frequently serves as the \"gold-standard\" in testing the precision of a new technique.[@B14] Since a CAD/CAM-based technique has to compete with a conventional casting method, the quality of CAD/CAM-manufactured restorations needs to be compared with that of metal-ceramic restorations. This study was designed to assess the marginal fits of 3-unit anterior fixed partial dentures (FPDs) made of metal-ceramics by casting, and of zirconia using two different CAD/CAM systems.

MATERIALS AND METHODS
=====================

A resin maxillary right central incisor and a maxillary left lateral incisor analogue (Nissin Dental Products Inc., Kyoto, Japan) were fixed in yellow stone (Neo Plumstone, Mutsumi Chemical Industries Co., Ltd., Mutsumi, Japan) with their axes parallel to each other and vertical to the earth. The distance between the 2 teeth was as wide as a maxillary central incisor ([Fig. 1A](#F1){ref-type="fig"}). These resin teeth were prepared for an all-ceramic FPD. Following a standardized preparation protocol, the abutment teeth were prepared using a high-speed angled handpiece and diamond rotary cutting instruments under water cooling. Incisal and axial reduction were performed. The analogues were finished by milling (Cruise; Silfradent, Sofia, Italy), which resulted in 1 mm shoulder margin with 12° tapered angle and an approximate height of 8 mm (central incisor) and 7 mm (lateral incisor).

Forty-five silicone impressions were made according to the manufacturer\'s directions. Putty (Aquasil Soft Putty-Regular Set; Dentsply DeTrey GmbH, Konstanz, Germany) was used to load an impression tray, and light-bodied silicone impression material (Aquasil Ultra XLV; Dentsply Caulk, Milford, USA) was syringed around the abutments. Epoxy die material (Polyurock; Metalor Dental GmbH, Stuttgart, Germany) was used to pour the impressions following the manufacturer\'s instructions, after which 45 epoxy resin dies were fabricated ([Fig. 1B](#F1){ref-type="fig"}). To verify the dimensions of the epoxy resin dies, metal copings of central and lateral incisors were connected with pattern resin. This metal coping jig was used to confirm that the duplicated die had the same sizes 3-dimensionally ([Fig. 1C](#F1){ref-type="fig"}). The metal coping accurately fitted all the duplicated dies. These epoxy dies served as the respective master dies.

A total of 45 three-unit FPDs were fabricated, comprising 3 groups of 15 specimens each. Group A consisted of 15 three-unit FPDs fabricated by the Everest system (Kavo Dental GmbH, Biberach, Germany). In the Everest system, optical scanned data of epoxy dies (active triangulation and stripe pattern projection; Everest Scan Pro; Kavo Dental GmbH) formed the basis for the CAD design of the FPDs (Energy CAD; Kavo Dental GmbH). The pre-sintered, enlarged frameworks (ZS-Blanks \[ZS\]; Kavo Dental GmbH) in a 5-axis milling machine (Everest Engine; Kavo Dental GmbH) were sintered to their original size in a furnace (Everest Therm; Kavo Dental GmbH).[@B15] IPS e.max Ceram layering ceramic (Ivoclar Vivadent AG, Schann, Liechtenstein) was used ([Fig. 1D](#F1){ref-type="fig"}).

Group B consisted of 15 three-unit FPDs fabricated by the Lava™ system (3M ESPE, Seefeld, Germany). Fifteen epoxy resin dies were digitized by an optical scanner (Lava™ Scan ST; 3M ESPE), and the frameworks were designed (Lava™ CAD; 3M ESPE). A computer-aided machine (Lava™ Form; 3M ESPE) milled a partially sintered block, producing a framework, which was enlarged to compensate for sintering shrinkage. Blocks were then sintered to their final dimensions in a sintering oven (Lava™ Therm; 3M ESPE). Lava™ Ceram layering ceramic (3M ESPE) was used ([Fig. 1E](#F1){ref-type="fig"}). Group C consisted of 15 three-unit metal-ceramic FPDs made using the traditional lost-wax technique. The frameworks were made of Ni-Cr-Mo alloy (VeraBond®; Aalba Dent Inc., Fairfield, CA, USA) using a centrifugal casting machine. Porcelain build-up was carried out with feldspathic porcelain powder (Noritake EX-3; Noritake Dental Supply Co., Ltd., Aichi, Japan) ([Fig. 1F](#F1){ref-type="fig"}).

Experienced dental technicians who were accustomed to the specific systems fabricated each group of FPDs. All FPDs were fabricated according to their respective manufacturer\'s recommendations. The overall contour and thickness of FPDs was checked with a prepared index and metal gauge. In order to prevent scratches and distortion of the resin master dies, every FPD was adapted to a spare resin die. When necessary, fitting adjustments were made by removing interference. After adjustment, the completed FPDs were adapted on the respective master dies.

All FPDs were placed onto their original dies with self-adhesive resin cement (RelyX Unicem; 3M ESPE) after the prepared resin dies were cleaned. As in clinical procedure, finger pressure was applied at the incisal tip of the pontic area during the cementing procedure. After light curing for 2 seconds, while the cement was in the gel state, excess cement was removed with an explorer, and it was then allowed to self-cure for 5 minutes from the start of mixing. These dies were left at room temperature. After 24 hours, the pontics were removed using a diamond disk, and then epoxy dies were separated at the middle area. Consequently, 45 central incisor specimens and 45 lateral incisor specimens were acquired.

The marginal fit was evaluated by measuring the gap between the edge of the crown and the prepared tooth margin. All the prepared single tooth specimens were observed under a measuring machine with image processing software (Presize 440C; Isuntek Co., Ltd., New Taipei, Taiwan) at an original magnification of ×145 ([Fig. 2](#F2){ref-type="fig"}). The resolution of the microscope was 0.5 µm. For the marginal gap measurement, along with vertical planes, 4 landmarks at the central and lateral incisors (mesial, distal, labial, and palatal) were defined. All measurements were performed by the same technician to avoid statistical variance as much as possible.

Means and standard deviations of the 8 landmarks were calculated for each of the 3 groups. One-way ANOVA test and a post-hoc test (Duncan test) were used to find any statistical significance among the groups at the .05 level of significance.

RESULTS
=======

The marginal fits measured under measuring machine are shown in [Table 1](#T1){ref-type="table"} and [Table 2](#T2){ref-type="table"}. Typical appearances of external margins are shown in [Fig. 3](#F3){ref-type="fig"}. The means and standard deviations of gap dimensions were 60.46 ± 6.21 µm for the Everest group, 78.71 ± 29.24 µm for the Lava group, and 81.32 ± 13.89 µm for the metal-ceramic group ([Table 3](#T3){ref-type="table"}). The distributions of gap dimensions for the 3 groups are shown in [Fig. 4](#F4){ref-type="fig"}. The means and standard deviations of the average gap dimensions of each group were statistically analyzed with one-way ANOVA ([Table 4](#T4){ref-type="table"}) and Duncan test ([Table 3](#T3){ref-type="table"}). The Everest group demonstrated a significantly smaller marginal gap than the other groups (*P*\<.05). Marginal gap did not significantly differ between the Lava and metal-ceramic groups (*P*\>.05). Considering 120 µm as the limit of clinical acceptability,[@B6] the mean marginal gaps of each group were found to be clinically acceptable.

DISCUSSION
==========

The marginal fit of CAD/CAM-fabricated zirconia restorations is influenced by several factors. CAD/CAM techniques include scanning, software-based design, and milling; each procedure could have an effect on the overall fit of a restoration. Therefore, different CAD/CAM systems may significantly affect the quality of marginal fit. For example, a large internal gap would result from an internal cutting bur larger than some parts of the tooth preparation according to manufacturing techniques and tools.[@B16] Zirconia material itself may also affect the marginal fit. Frameworks of fully sintered zirconia show significantly more precise marginal fit than those of pre-sintered zirconium oxide.[@B17]

Simplifying fabrication procedures by eliminating several steps like waxing and investing enhances accuracy in the CAD/CAM technology. In this study, 2 different CAD/CAM systems were compared with the conventional method. The mean marginal gap of the 2 different CAD/CAM systems used in this study was in accordance with or smaller than that of the metal-ceramic restorations.

The marginal accuracy of Lava 3-unit FPDs was similar to that of the metal-ceramic group, which is in accordance with the results of previous studies on Lava and metal-ceramic restorations.[@B10],[@B11],[@B18] Gonzalo et al.[@B18] analyzed marginal fit in metal-ceramic and zirconia posterior 3-unit bridges with an image analysis program and scanning electron microscope. In that study, the Lava and metal-ceramic groups showed similar discrepancies with image analysis (71 ± 45 µm and 76 ± 29 µm, respectively) while scanning electron microscopy revealed lower values for the metal-ceramic group (65 ± 26 µm) compared with the Lava group (76 ± 37 µm), but with no significant difference observed between groups. In a previous *in vivo* study, Reich et al.[@B11] evaluated the marginal and internal fit of Lava 3-unit FPDs by replica technique with a light-bodied polyvinylsiloxane stabilized by heavy-bodied one. In that study, the mean marginal gap of Lava FPDs was 65 µm, similar to those of metal-ceramic restoration. Beuer et al.[@B10] also reported that the accuracy of the Lava system is clinically satisfactory.

The Everest system demonstrated decreased marginal gap compared to the metal-ceramic group. The measured marginal gaps of the Everest system were in the same range as values reported in a previous study by Vigolo and Fonzi, who microscopically analyzed marginal fit in zirconia 4-unit FPDs at ×50 magnification.[@B19] In that study, the mean marginal gap of the Everest system was 65.49 µm.[@B19] In contrast, Kohorst et al. reported that the mean marginal gap of the Everest system was 112.8 µm, and in Abduo\'s review article, the average value of the absolute marginal discrepancy for zirconia FPDs made with Everest systems was 148.8 µm.[@B16],[@B20] These results are not in agreement with the present findings, which can be explained by the variation in the method used to analyze marginal accuracy. The results in this study were obtained under experimental conditions with standardized dies, and the measurements were performed directly on the casts, where the frameworks were created. In the study by Kohorst et al., a replica technique was used.[@B20] Another study using 4-unit FPDs indicated too short margins of the Everest framework despite the satisfactory horizontal marginal fit.[@B15]

In this study, the Everest group demonstrated significantly smaller (*P*\<.05) marginal gaps than the Lava group. While the CAD/CAM systems are similar to each other in fabricating zirconia restorations, there are differences in the fabrication process between the systems. Differences in the efficiency of CAD software compensating for the sintering shrinkage, the constant quality of green bodies, and the sintering stability may make the Everest system more precise in marginal accuracy. Processing devices also influence marginal fit. In the case of the Lava, a 3-axis device was used, while a 5-axis milling device was used for the Everest system. This difference may be another factor contributing to the results. However, Beuer et al. stated that restoration quality does not necessarily improve as the number of processing axes increases.[@B21] Additionally, quality results in large part from the digitization, data processing, and production process.

Another possibility is that larger internal misfit may have caused low marginal gap measurement. In general, the framework was tested on the master model, and the internal surface was adjusted until the marginal gap was maximally well adapted. Such an effort in marginal adaptation also affects marginal opening. In this study, different dental laboratories fabricated Everest and Lava FPDs, and thus different adaptation processes may have been performed. In this adaptation stage, manual skills and the experience of the dental technician have a definite influence on both the marginal and internal fit.[@B22]

The internal and marginal accuracy are important for the longevity of a restoration. Gap widths usually increase from the margin to the occlusal surface of the crown, where the gap is the widest. Small marginal openings have been shown to correlate with larger internal gap values of 100-200 µm *in vitro*.[@B23] Misfits in the axial wall area and occlusal plateau can reduce the fracture resistance of all-ceramic restorations.[@B24] One limitation of this experimental study is that only the marginal fit was evaluated to assess the precision of restorations; the internal fit of the restorations was not considered. Belles et al. reported that the internal marginal fits were generally poorer than the external facial marginal fit,[@B25] and several authors have studied the internal fit of restorations.[@B26]-[@B28] Further investigations are needed to measure both the marginal and internal fits.

In this study, all specimens were cemented to their respective resin dies. For the measurement of interproximal pontic area, the pontic was removed with diamond disk. The measurement of marginal gaps without cementation is possible, but this method is inaccurate because the fixation of the specimen is unstable. It is well known that the marginal discrepancy generally increases after cementation, which occurs clinically. Thus, to correctly determine the marginal discrepancy, its evaluation after cementation was necessary.

Okutan et al.[@B17] demonstrated that marginal openings were significantly higher after cementation in the Everest system. In this study, finger pressure was used for definitive placement of the restorations. Although this procedure simulates a clinical procedure, it should be considered as a limitation of this study, as finger pressure is variable, and the pressure load cannot be standardized.[@B29] According to Rosentritt et al., zirconia FPDs demonstrated adequate marginal integrity when a cementing medium was Panavia/ED, Compolute/EBS, or RelyX Unicem.[@B30] In this study, RelyX Unicem was used for cementation because of easy handling.

McLean and von Fraunhofer proposed that a successful restoration was possible if restorations could be constructed so that marginal gaps and cement films of less than 120 µm were achieved.[@B6] Many studies have used this criterion for the evaluation although debates still exist regarding a clinically acceptable margin.[@B31]-[@B33] Therefore, the value of 120 µm was used as the maximum clinically acceptable marginal opening in the present investigation. The marginal gaps recorded were all within this clinically acceptable standard. The marginal gaps of anterior 3-unit zirconia FPD show differences according to CAD/CAM systems, but still show clinically acceptable ranges in comparison with the conventional metal-ceramic restoration.

In this study, the investigated FPDs experienced no artificial aging process. Artificial aging was previously shown to influence the marginal integrity of all-ceramic FPDs.[@B34] However, Att et al. found no significant change in the marginal fit of zirconia FPDs after masticatory and thermal stimulation.[@B29] Although aging has not been proven to cause marginal deterioration of zirconia prostheses, more investigations are needed on the effects of the aging process.

While *in vitro* studies offer standard conditions with respect to preparation design, impression technique, and experimental performance, clinical evaluations include various real conditions that deviate from such controlled situations. Thus, further investigations are needed to measure both the marginal and internal fits *in vivo* and to evaluate the influence of clinical aging on marginal distortion. Nevertheless, the present study supports the good performance of CAD/CAM design in three-unit zirconia FPD while also highlighting the effect of different CAD/CAM systems on FPD fabrication.

![(A) Prepared resin teeth, (B) Epoxy resin die for final restoration, (C) Metal coping jig, (D) Three-unit zirconia anterior fixed partial denture fabricated using the Everest system, (E) Three-unit zirconia anterior fixed partial denture fabricated using the Lava system, (F) Three-unit metal-ceramic FPD.](jap-5-219-g001){#F1}

![Non-contact measuring machine (Presize 440C).](jap-5-219-g002){#F2}

![Photographs of labial surface marginal gap using Presize 440C (×145 magnification). (A) Everest system, (B) Lava system, (C) Metal-ceramic (The luting cement showed black color because of the shadow of the metal framework).](jap-5-219-g003){#F3}

![Boxplot of marginal gaps for the 3 experimental groups. The Everest group demonstrated significantly smaller values than the Lava and metal-ceramic groups. The small circles and stars stand for the mild and severe outliers, respectively.](jap-5-219-g004){#F4}
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Mean marginal gaps (unit: µm)
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The mean marginal gap value at each measuring points (unit: µm)
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The mean and standard deviations of marginal fit in each of the 3 groups (unit: µm)
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Groups with the same superscript letter (A and B) did not show significantly different results in Duncan test.

###### 

Analysis of variance table for comparison between groups
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